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Abstract  
Five scenarios for organic household waste treatment from the municipality of Trondheim were studied.  Combustion 
and anaerobic digestion of the waste in three potential locations were considered.   
The results show a negligible climate benefit from biogas production in these scenarios, although the benefit is much 
more pronounced in other environmental impact categories such as photochemical oxidation (smog production) and 
fossil resource depletion.  A sensitivity analysis demonstrates a strong dependence on assumed values for lower 
heating value (LHV) of the organic waste, methane yield in the anaerobic digestion process, and fuel efficiency of the 
buses.  
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1. Introduction 
Increasing interest in the use of renewable energy resources has stimulated many initiatives adopting 
the use of renewable energy in the public sector. Biogas in particular is perceived in a positive light as the 
feedstock in its production is often considered waste from other industries, such as livestock manure or 
household organic waste. Furthermore, biogas can be used in existing infrastructure for natural gas it is 
upgraded to remove the CO2 and H2S fractions, thereby removing the need to build and purchase 
specialized equipment 
 
Available online at www.sciencedirect.com
 2012 Published by Elsevi r Ltd. Selection and/or peer-review under respon ibility of the Centre for 
Renewable Energy. Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
12   Christine Hung and Christian Solli /  Energy Procedia  20 ( 2012 )  11 – 19 
The municipality of Trondheim in Norway is considering the implementation of a household organic 
waste source-separation program. The diverted organics would be anaerobically digested to produce 
biogas, which in turn would be used to fuel local LNG buses. Currently, household waste is delivered to 
the Heimdal waste incineration facility as a feedstock for provision of district heating. As the primary 
driver of this initiative is a reduction of climate gases, an evaluation of several scenarios is conducted 
using life cycle assessment (LCA) methodology.  
2. System description and methods 
2.1. Goal and scope 
This study focuses on organic waste handling scenarios in the municipality of Trondheim in Norway. 
Particular focus is placed on the anaerobic digestion of source separated organic household waste to 
produce biogas upgraded for use as a vehicle fuel. The collection of the waste and the emissions 
attributable to the spreading of the solid digestate used as an organic fertilizer are considered outside of 
the system boundaries for this study. The waste collection process is common for all cases investigated, 
and therefore the relative ranking of these cases will not be affected by the inclusion of this process.  On 
the other hand, the emissions resulting from digestate spreading and the subsequent runoff emissions are 
highly context-sensitive and difficult to estimate. These direct emissions attributed to digestate spreading 
are therefore assumed be approximately of the same level as the spreading and runoff emissions of the 
artificial fertilizer that is used as a system expansion product.   
2.2. System description 
The study consists of five cases. The first, called Case 0 here, is the reference scenario and represents 
current practice. Organics are not separated from household waste, which is combusted at the Heimdal 
district heating plant to provide district heating to the municipality of Trondheim. Case 1 also examines 
incineration of the waste, although in this case, the waste is transported to a combined heat and power 
(CHP) plant in Sundsvall, Sweden to provide district heating and electricity to the Sundsvall community.  
 
The remaining three cases investigate the anaerobic digestion of source separated organic household 
waste to produce biogas. The biogas is upgraded and used as vehicle fuel in Trondheim city buses in all 
three cases. The difference between the cases is the location of the biogas facility; in Case 2, a new biogas 
plant is built in Trondheim. In Case 4, the organic waste is transported to an existing biogas facility in 
Verdal 90 km away. Finally, in Case 5, the waste is transported to an existing biogas plant in Sundsvall, 
450 km from Trondheim. For cases 4 and 5, the compressed, upgraded biogas fuel is transported back to 
Trondheim for use in the buses there. An overview of the scenarios is presented in Feil! Fant ikke 
referansekilden.. The direct emissions resulting from the spreading of digestate on fields such as nutrient 
runoff and further methane release is not considered in this study, nor is the collection of the organic 
waste. 
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Figure 1. System diagram depicting the five scenarios considered in this study 
 
2.3. Functional unit 
The functional unit of this study is based on the available feedstock, that is 10 000 tons of organic 
waste in the municipality of Trondheim. Each of the cases studied is thus built on the quantity of 
feedstock available. The organic waste is used as a feedstock for several different end products that fulfill 
different functions, depending on the scenario. Thus, in order to obtain results that may be compared to 
one another at the end of the study, every one of these functions must be fulfilled in each scenario. These 
functions are: 
 District heat delivery in Trondheim, 33.2 TJ/year 
 District heat delivery in Sundsvall, 34.8 TJ/year 
 Electricity in Sundsvall, 5 TJ/year 
 Local bus service in Trondheim, 3 922 940 vkm/year 
 Fertilizer in Trondheim, 13 000 kg NPK/year 
 
The functional unit for each case in this study is thus the provision of all of the above functions. 
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2.4. Software and data sources 
The system model is assembled using SimaPro 7.2 software. Foreground processes are based on data 
provided by the municipality of Trondheim or found in literature. Process data from the biogas facility in 
Sundsvall was used for that case. Other process details were estimated from average literature values. The 
ecoinvent database is used as the basis for the background processes.  
 
The ReCiPe (H) method is used. A focus is placed on the climate change, photochemical oxidation 
(smog formation), particle matter formation and fossil resource consumption midpoint impact categories. 
These impact categories were selected as the most significant and relevant to the system studied; they are 
the environmental impacts of greatest concern in the combustion of fossil fuels.  
 
3. Background assumptions 
3.1. Lower heating value of organic waste 
An average lower heating value (LHV) of household organic waste was used in this study. With an 
estimated 70% water content, this value is 4.15 MJ/kg wet organic waste[1-10]. The Heimdal district 
heating plant is assumed to have an efficiency of 80%. The efficiency of the Sundsvall facility is based on 
annual production values; electricity is 12% and district heating is 84%. 
3.2. Biogas production 
The organic waste is assumed to be handled with mesophilic anaerobic digestion, with a yield of 546 
Nm3 CH4/t volatile solids (VS) over a 20-day digestion period. The VS content of the household waste is 
taken as 28.1% [11]. This chosen yield is at the higher end of the range of values because it assumes use 
of a thermal hydrolysis pretreatment, which increases biogas yield in the digestion stage. The produced 
biogas has 57 vol% methane content 43 vol% CO2, with trace amounts of H2S impurities.  Process 
electricity and heat demand are based on existing information from the Sundsvall facility; these 
correspond to 2.54 MJ/Nm3 and 9.38 MJ/Nm3, respectively[11].  
 
In Case 4, the CO2 and H2S fractions are removed using the existing cryogenic upgrading process 
available at Sundsvall. For cases 3 and 5, median values for upgrading electricity duty and methane yield 
are used, as these facilities do not have an upgrading process. These values are 0.97 MJ/m3 biogas and 
96%, respectively[12]. In addition to the methane lost in the upgrading process, 1% of the total raw 
biogas volume is assumed to be lost due to fugitive emissions for the whole value chain. The upgraded 
biogas is transported back to Trondheim as a compressed gas. 
 
Fuel efficiency of LNG city buses was taken as 0.65 l LNG/km (equivalent to 0.38 Nm3/km 
driven)[13]. 
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3.3. System expansion 
As the cases have different end products from the organic waste, the use of substitution products is 
necessary to allow comparisons amongst the case results. District heating in Trondheim and Sundsvall are 
assumed to be produced at the same facilities as considered in this study using the present day feedstock 
mix. Electricity in Sundsvall is assumed to be provided by the Nordic electricity consumption mix 
(NORDEL). The substitution product for upgraded biogas vehicle fuel is conventional diesel fuel. Finally, 
the digestate produced from the anaerobic digestion process replaces mineral fertilizer for cases 0 and 1. 
 
Table 1 gives an overview of the end products and their replacement products (in italics) in the other 
scenarios. Note that higher biogas yields are assumed for Sundsvall biogas facility than for the Trondheim 
and Verdal facilities. As a result, more fuel is produced in Case 4 than in cases 2 and 3.  The shortfall in 
total kilometers driven by city buses is compensated by the use of diesel fuel. 
 
Table 1: End products and system expansion products (in italics) for the five scenarios investigated [14] 
End product Unit Case 0 Case 1 Case 2 Case 3 Case 4 
Heat, Trondheim  GJ 33 200 - - - - 
District heating, Heimdal/Trondheim GJ - 33 200 33 200 33 200 33 200 
Electricity from CHP, Sundsvall GJ - 4 980 - - - 
Electricity, Sundsvall GJ 4 980  - 4 980 4 980 4 980 
Heat, Sundsvall GJ - 34 860 - - - 
District heating, Sundsvall GJ 34 860 - 34 860 34 860 34 860 
Distance driven with biogas km - - 3 784 948 3 784 948 3 784 948 
Distance driven with diesel km 3 922 941 3 922 941 13 799 13 799 13 799 
Biogas digestate kg-N - - 13 000 13 000 13 000 
Mineral fertilizer kg-N 13 000 13 000 - - - 
 
4. Results 
Figure 2 compares the cases studied against the current day scenario (Case 0). There is little difference 
between the five cases in the climate change impact category, but significant reductions are expected for 
the biogas cases in the other impact categories. A trend within the three biogas cases is observed; the 
construction of a new biogas facility in Trondheim presents the best environmental performance of the 
three, followed by the biogas facility in Verdal, then Sundsvall. Specific impact assessment results are 
presented in Table 2. 
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Figure 2. Overview of results.  All scenarios are normalized relative to the reference scenario (Case 0) 
  
Table 2. Impact assessment results of five scenarios for treatment of organic household waste in Trondheim 
Impact category Unit Case 0 Case 1 Case 2 Case 3 Case 4 
Climate change t CO2-eq 12 561 12 167 11 949 12 124 12 674 
Photochemical oxidant formation t NMVOC 64 66 10 12 22 
Particulate matter formation t PM10-eq 17 17 4.5 4.9 7.6 
Fossil depletion t oil-eq  2 366 2 290 1 424 1 487 1 923 
 
Detailed breakdown of the results for climate change are presented in Figure 3. End products for the 
various scenarios are presented in shades of blue, while inputs into the biogas production, including 
logistics are presented in green. System expansion products are coloured in shades of brown. 
 
In terms of direct emissions of the end products, there is a climate benefit to the combustion of biogas 
in the buses when compared to the incineration of the raw organic waste. In Case 0 and Case 1, the 
secondmost significant impact comes from the diesel bus fuel included as a system expansion product. 
  
For the biogas scenarios (cases 2-4), the most significant contributors to climate change impact are the 
direct emissions from biogas combustion, emissions related to biogas production and the emissions from 
the system expansion products for district heating. 
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Figure 3. Breakdown of results for climate change (t CO2-eq) 
Results for the remaining impact categories investigated are quite different from those of climate 
change. As the general conclusions drawn from these impact categories are the same, only the breakdown 
of photochemical oxidant formation (smog) is presented here (Figure 4). 
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Figure 4. Breakdown of results for photochemical oxidant formation (smog, t NMVOC) 
Diesel fuel combusted in city buses, a substitution product in Case 0 and Case 1, is the process that 
overwhelmingly contributes the most to these cases. Indeed, it is the process that makes biogas the most 
desirable option environmentally in this category as well as in particulate matter formation and fossil 
resource depletion. These results thus emphasize the care that must be taken in selecting appropriate and 
relevant substitution products in such studies  
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More detailed results, including a sensitivity analysis investigating the sensitivity of the results to 
certain key model parameters, can be found the publicly available report [14]. 
5. Conclusion 
For the cases and assumptions made in this study, the climate benefit of producing biogas from 
municipal solid waste in Trondheim is negligible. There are, however, significant projected improvements 
to performance in the photochemical oxidant production (smog formation), particulate matter formation 
and fossil depletion impact categories. The improvements are attributable to the elimination of diesel fuel 
in the local city buses in Trondheim. 
 
Of the biogas scenarios studied, the construction of a new biogas plant in Trondheim provides the 
greatest environmental benefit. This is due to reduced needs for transport of the organic waste feedstock 
and upgraded biogas fuel to and from the plant. 
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